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An analysis of the frequency-dependent scattering rate τ−1(ω) reveals signatures of the supercon-
ducting gap as well as the pseudogap in high-Tc cuprates. These features can be identified in the
temperature-dependent spectral function W (ω), inverted from the optical data of the optimally-
doped Bi2Sr2CaCu2O8+δ (Bi2212) using an experimentally unambiguous method that shows the
behavior of both the maxima and minima in the spectral function.
PACS: 74.25.Gz, 74.72.Hs, 74.25.Nf
For superconductors of the type described by the
Bardeen-Cooper-Schrieffer (BCS) theory, the spectral
function α2F (ω) contains all the relevant informa-
tion concerning superconductivity [1]. Experimentally,
α2F (ω) is commonly obtained from tunneling I-V curves.
These measurements reveal features in the quasiparticle
density of states that are the results of electron-phonon
interaction and with the well developed Eliashberg theory
can lead to the determination of α2F (ω) [2]. In princi-
ple the optical conductivity and the frequency-dependent
scattering rate can also be used to determine the spectral
function, α2F (ω), for BCS superconductors [3–5]. Re-
cently it has been recognized the same kind of analysis
can be used to determine a spectral function W (ω) for d-
wave high-Tc superconductors [6] from the optical data.
This has lead to the conclusion that charge coupling to
the spin resonance [7] found in neutron scattering is the
analogue to the common electron-phonon interaction in
BCS superconductors. We will, however, avoid address-
ing directly the question of whether high-Tc cuprates are
BCS superconductors. Instead, we will take a more em-
pirical approach to discuss the common features in the
spectral functions of different high-Tc cuprates and how
they move with temperature, especially around Tc.
In this Letter, we report an analysis of the
temperature-dependent spectral function W (ω), ob-
tained from an inversion of new optical data for
optimally-doped Bi2212 using an experimentally un-
ambiguous technique that examines the maxima and
minima in W (ω) simultaneously. A comparison with
the spectral function of optimally-doped YBa2Cu3O6.95
(YBCO) suggests that a pseudogap exists in optimally-
doped Bi2212 above Tc at 100 K, but not in
optimally-doped YBCO and that the pseudogap can
co-exist with the superconducting gap in optimally-
doped Bi2212 below Tc. The spectral function of
the metallic non-superconducting (non-SC) cobaltate
(Bi0.5Pb0.5)2Ba3Co2Oδ single crystals, which are isomor-
phic to Bi2212 in terms of crystal structure [8–10], is in-
cluded as a potential application of the spectral function
analysis showing that strong spin-charge coupling does
not necessarily lead to superconductivity.
The ab-plane optical reflectance of optimally-doped
Bi2212 single crystals has been measured exten-
sively [11,12]. Furthermore, a number of cobaltates
Bi2M3Co2Oδ, (M=Ca, Sr, and Ba) have been studied op-
tically at room temperature [8,9]. However, with much
improved signal-to-noise ratio, our detailed temperature-
dependent studies of optimally-doped Bi2212 and metal-
lic (Bi0.5Pb0.5)2Ba3Co2Oδ have revealed a number of new
features. For this study, large optimally-doped Bi2212
single crystals are grown using the traveling-surface-
floating-zone (TSFZ) method. The single crystal metallic
cobaltate samples (Bi0.5Pb0.5)2Ba3Co2Oδ are prepared
using a flux technique [10].
The crystals are mounted on an optically-black cone,
and the temperature-dependent reflectance from 6 K to
295 K is measured in a near-normal incidence arrange-
ment from ≈ 100 to over 15 000 cm−1 on a Bruker IFS
66v/S. The absolute reflectance is determined by evap-
orating a gold film (≈ 100 nm in thickness) in situ in
a high vacuum (≈ 1 × 10−8 Torr) over the sample at
the end of the reflectivity measurements at 295 K, and
then measuring the reflectance again [13]. The optical
properties are determined from a Kramers-Kronig analy-
sis of the reflectance. The conductivity data is analyzed
in the extended-Drude formalism [14] with a frequency-
dependent scattering rate τ−1(ω) defined as
τ−1(ω) =
ω2p
4pi
ℜ
[
1
σ˜(ω)
]
, (1)
where ωp is the classical plasma frequency.
In Fig. 1, temperature-dependent ab-plane optical data
are shown for an optimally-doped Bi2212 single crystal
with E-vector parallel to the a-axis. Two optic phonons
at 477 and 630 cm−1 have been observed for the first
time in conductivity measurements. The temperature-
dependent reflectance is given in Fig. 1(a) from about 100
to 2000 cm−1, σ1(ω) in Fig. 1(b), and the scattering rate
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FIG. 1. The temperature-dependent ab-plane optical data
of an optimally-doped Bi2212 single crystal with the E ‖ a
from 100 to 2000 cm−1. (a) the temperature-dependent re-
flectance; (b) the temperature-dependent σ1(ω); (c) the tem-
perature-dependent τ−1(ω).
τ−1(ω) calculated from Eq. (1) in Fig. 1(c). The value
of ωp = 16 000 cm
−1 is derived from the optical conduc-
tivity sum rule at 295 K. The temperature dependence
of the scattering rate τ−1(ω) is of interest here. Above
200 K, the scattering rate τ−1(ω) is a monotonically in-
creasing function with frequency as shown in Fig. 1(c).
As the temperature approaches Tc (about 91 K), abrupt
curvature changes start to appear below 100 K, most no-
ticeably as a suppression of τ−1(ω) for frequencies less
than about 600 cm−1. There are two positions where
such changes in curvature can be clearly identified at the
lowest temperature, 6 K. These two positions are marked
with two vertical lines in Fig. 1(c). Similar behavior
is observed in the temperature-dependent reflectance in
Fig. 1(a), and σ1(ω) in Fig. 1(b).
Carbotte et al. [6] and Abanov et al. [7] analyzed the
features in τ−1(ω) by using an estimated spectral func-
tion:
W (ω) =
1
2pi
d2
dω2
[
ω
τ(ω)
]
. (2)
In the case of BCS superconductors, W (ω) is closely re-
lated to the electron-phonon spectral function α2F (ω)
[3–5], and Carbotte et al. [6] argued that for high Tc
cuprates, W (ω) can be directly associated with the spin-
charge excitation spectral density, I2χ′′(ω), derived from
spin-polarized inelastic neutron scattering. In particular,
the peak in W (ω) is correlated to ∆ + ∆s below Tc. In
a more recent theoretical paper, Abanov et al. [7] also
studied W (ω) in cuprates by examining the singularities
in the optical response function. However, they argued
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FIG. 2. An unambiguous method of extract the spectral
function W (ω). (a) The experimentally measured quantity
ω/τ at 6 K for optimally-doped Bi2212, together with the
smoothed experimental data and three polynomial fits to the
data; (b) the first derivatives of the five curves in (a); (c) the
second derivatives of the three polynomial fits to ω/τ , and
the second derivative of the smoothed ω/τ .
that the deep minimum in W (ω), which in their picture
is located at 2∆ + ∆s, is more relevant to superconduc-
tivity. They also identified two weaker high frequency
singularities at 4∆ and 2∆ + 2∆s.
In Fig. 2 an unambiguous way of extracting the spec-
tral functionW (ω) from the experimental data is demon-
strated. The measured quantity ω/τ at 6 K is plotted for
optimally-doped Bi2212 in Fig. 2(a), together with the
smoothed experimental data and three polynomial fits to
the data. In Fig. 2(b), the first derivatives of the curves
shown in Fig. 2(a) are presented. The first derivative of
the experimental data (the two optic phonons at 477 and
630 cm−1 are removed) is included to illustrate that it
has the same trend as the other curves. In Fig. 2(c), the
spectral function W (ω) derived from different methods
are plotted for T = 6 K. The W (ω) determined from the
smoothed ω/τ is still very noisy, but gives the same maxi-
mum and minimum as the polynomial fits. Because there
are too many different ways of smoothing the experimen-
tal data that do not always give consistent results, fitting
the experimentally measured quantity ω/τ with a high-
order polynomial is adopted as the unambiguous method
of extracting the spectral functionW (ω) from the optical
data in this study.
The temperature dependence of the spectral function
W (ω) calculated using the procedure outlined in the pre-
ceding paragraph is shown in Figs. 3(a) and 3(b) for a
optimally-doped Bi2212 single crystal and a untwinned
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FIG. 3. The temperature dependence of the spectral func-
tion W (ω) of an optimally-doped Bi2212 single crystal, and a
untwinned optimally-doped YBCO single crystal with E ‖ a
in the ab-plane (20 term polynomial fits are used). (a) W (ω)
of an optimally-doped Bi2212 single crystal at four different
temperatures; (b) W (ω) of a optimally-doped YBCO single
crystal at three different temperatures.
optimally-doped YBCO single crystal [15], respectively.
For the optimally-doped Bi2212, there is a well defined
maximum in W (ω) at around 70 meV, a deep minimum
at around 110 meV, and a weak high-energy maximum
at around 150 meV at 6 K. According the two theoretical
pictures [6,7] that rely on spin-charge coupling in high Tc
cuprates, these maxima and minima positions correspond
to ∆ + ∆s, 2∆ + ∆s and 2∆ + 2∆s, respectively. One
can therefore uniquely determine the averaged values of
the superconducting gap ∆ = 33 ± 3 meV and the spin
resonance ∆s = 41±3 meV from the optical data. These
optically obtained values agree very well with the directly
measured values of ∆ = 30 meV [16] and ∆s = 43 meV
[17] for optimally-doped Bi2212. As the temperature in-
creases to 80 K, the maximum in W (ω) seems to split
into two peaks while the position of the minimum shows
little change. At a temperature of T = 100 K, just above
Tc, the maximum in W (ω) has shifted to 40 meV which
is precisely ∆s for optimally-doped Bi2212 [17], and the
minimum has disappeared completely into the noise.
The temperature-dependent W (ω) for a untwinned
optimally-doped YBCO single crystal is shown in
Fig. 3(b). The general features of W (ω) at the lowest
temperature T = 10 K is very similar to that of the
optimally-doped Bi2212, showing a maximum at around
67 meV, a minimum at around 105 meV and a weaker
maximum at around 145 meV. One can again deter-
mine the averaged values of the superconducting gap
∆ = 30±4 meV and the spin resonance ∆s = 40±4 meV
from the optical data. These optically obtained values
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FIG. 4. The temperature-dependent unpolarized ab-plane
optical data of a (Bi0.5Pb0.5)2Ba3Co2Oδ single crystal. (a)
The temperature-dependent reflectance; (b) the tempera-
ture-dependent τ−1(ω); (c) the temperature-dependent spec-
tral function W (ω) (20 term polynomial fits are used).
also agree very well with the directly measured values of
∆ = 27 meV [18] and ∆s = 41 meV [19] for optimally-
doped YBCO. The main difference between the Bi2212
and YBCO data is the fact that while there is a weak
maximum at ∆s in W (ω) above Tc for optimally-doped
Bi2212 at 100 K, it is absent in optimally-doped YBCO
[20]. This observation agrees with the suggestion that the
phase diagrams for Bi2212 and YBCO are different [21];
namely there is a pseudogap in optimally-doped Bi2212
above Tc, but there is no pseudogap in optimally-doped
YBCO. Furthermore, the lineshape of the spectral func-
tion at 80 K for optimally-doped Bi2212 indicates that
the pseudogap and the superconducting gap can coexist
below Tc adding support to the idea that the two may
have the same microscopic origin [21]. We have also made
some preliminary measurements on an La2−xSrxCuO4
(x = 0.17) (LSCO) sample (Tc = 38 K) which does
not show any prominent features in the spectral func-
tion W (ω) that can be associated with superconductiv-
ity. This is consistent with the neutron scattering results
that do not show any prominent spin resonance peaks
in this system [22]. Therefore, the theoretical picture of
spin-charge coupling is in good agreement with the opti-
cal data for all three high-Tc cuprates.
As a potential application the spectral function W (ω)
analysis, a temperature-dependent optical study is car-
ried out on a cobaltate, (Bi0.5Pb0.5)2Ba3Co2Oδ. No Tc
is observed and this sample is shown to be metallic down
3
to 30 mK [10]. The temperature dependent optical data
for (Bi0.5Pb0.5)2Ba3Co2Oδ is shown in Fig. 4. Because of
the low carrier density in this crystal, four sharp phonon
peaks are observed in reflectance and τ−1(ω) in the region
between 450 and 650 cm−1. These phonon features are
removed from the conductivity data before fitting ω/τ
with polynomials. The resulting temperature dependent
W (ω) is shown in Fig. 4(c). At the lowest temperature
T = 10 K, there is a well defined maximum in W (ω)
centered at around 500 cm−1, or about 62 meV. This
maximum is detectable to about 200 K. However, there
is no well defined minimum observed in W (ω) at any
temperature. While there is no superconductivity, these
observations indicate that there is also strong spin-charge
coupling in this cobaltate. If the analysis ofW (ω) is valid
here, there should be a spin resonance peak at around
60 meV below 200 K in this material and this should be
verifiable by inelastic neutron scattering.
In view of the temperature-dependent behavior of
the spectral function W (ω) of optimally-doped Bi2212,
YBCO and metallic (Bi0.5Pb0.5)2Ba3Co2Oδ single crys-
tals, it is clear that both the maxima and minima in
W (ω) should be examined at the same time. As one
can see from our analysis of W (ω), the behavior of the
strong maximum in W (ω) is well described by the the-
ory developed by Carbotte et al. [6]. However, by strictly
comparingW (ω) to I2χ′′(ω) obtained from neutron scat-
tering, one ignores the negative part of W (ω) because
I2χ′′(ω) is a positive quantity. Thus the well defined
minimum in W (ω) is neglected. In the more complete
picture presented recently by Abanov et al. [7], both
the maxima and the minima in W (ω) are examined. In
general, their calculated spectral function W (ω) agrees
quite well with our experimentally extracted W (ω) ex-
cept that there is no indication of the weak singularity
at 4∆ in the experimental W (ω). On the other hand,
the physically intuitive interpretation of the maximum in
W (ω) as being directly related to I2χ′′(ω) is somewhat
obscured. Further theoretical study is underway [23] to
bridge the gap between these two different approaches. A
comment should be made here that even though our ex-
perimental data and its analysis presented here are con-
sistent with the theoretical pictures of Carbotte et al.
[6] and Abanov et al. [7], the spectral function analysis
alone does not exclude other coupling mechanisms, e.g.
charge-phonon coupling, and there is much evidence that
nanoscale charge inhomogeneities may also play an im-
portant role in these systems. One example of this is
the stripe picture [24]. In particular, the lack of experi-
mental evidence for strong spin-charge coupling in LSCO
systems poses some problems for spin-mediated super-
conductivity in high Tc cuprates [6,7] and the data on
the metallic (but non-SC) cobaltate indicates that strong
spin-charge coupling maybe a necessary but not exclusive
condiction for high-Tc superconductivity.
In conclusion, we have carried out temperature-
dependent analysis of the spectral function W (ω) for the
optimally-doped Bi2Sr2CaCu2O8+δ, YBa2Cu3O6.95 and
the metallic (Bi0.5Pb0.5)2Ba3Co2Oδ single crystals. The
behavior of the maxima and minima in W (ω) is consis-
tent with the picture of spin-charge coupling in high-Tc
cuprates. More experimental studies in the under-doped
and over-doped regions of Bi2212 as well as in the metal-
lic and insulating regions of cobaltates are now underway
to further our understanding of these systems.
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